Abstract-Electrical balance duplexing enables simultaneous transmit and receive from a single antenna; however, the transmitto-receive isolation depends on the ability of the balancing algorithm to determine the correct balancing impedance. A novel balancing algorithm based on in situ characterization of the duplexer self-interference channel is proposed. The algorithm requires no a priori knowledge of the antenna impedance or hybrid junction characteristics and automatically compensates for circuit imperfections. A novel balancing network implementation that uses active signal injection is also proposed. A hardware prototype implementing the proposed balancing algorithm and combining passive and active balancing techniques has achieved 81.5-dB isolation over an 80-MHz bandwidth.
I. INTRODUCTION

F
UTURE cellular handsets will be required to support numerous radio access technologies, using a variety of duplexing modes over a wide range of operating frequencies. Limitations in current radio frequency (RF) front-end technologies mean novel duplexing solutions are required to enable the multiband multimode transceivers of the future. Electrical balance duplexers (EBDs) [1] - [5] can provide high transmitto-receive (Tx-Rx) isolation while facilitating simultaneous transmission and reception from a single antenna. In frequencydivision duplexing applications, EBDs could reduce device cost and size as compared with the current technology, where multiple off-chip acoustic resonator filters are required [2] . In a full-duplex application [5] - [9] , EBDs can be combined with further self-interference cancelation techniques to create a single-antenna full-duplex transceiver architecture [5] . A drawback of EBDs is loss in the Tx and Rx paths; however, this can be mitigated by employing a noise-matched receiver design [1] , [2] . EBDs can be implemented on-chip and are tunable over wide frequency ranges, making them well suited to multiband operation in low-cost small-form-factor devices.
The ideal EBD achieves high isolation when its balancing impedance is equal to the antenna impedance. The antenna impedance is time variant due to environmental effects, and the balancing impedance must be dynamically adjusted to maintain isolation. Rebalancing the duplexer every 10 ms is sufficient to maintain isolation [3] . The Tx-Rx isolation is determined by how accurately the balance impedance can assume the required value, and therefore, obtaining high isolation requires correspondingly high accuracy in the tunable balancing impedance (an on-chip 15-bit digitally tunable complex impedance was reported in [1] , acheiving > 55 dB of Tx-Rx isolation). The required tuning range of the balancing impedance depends on the range of variation in the antenna impedance; however, antenna tuning can be applied to limit this variation [3] .
Tracking processes can be effective at maintaining balance during operation [4] ; however, in cellular transceivers, which seldom operate continuously, a fast and effective method of obtaining the correct balance setting whenever the modem enters active mode is essential. Balancing algorithms reported in the literature [4] , [10] find this initial balance using iterative processes that require many self-interference channel measurements and are thus unduly slow. To the authors' knowledge, no deterministic balancing algorithms have been reported, and there has been no published analysis of self-interference channels in nonideal EBDs.
Active RF signal cancelation can be used to suppress selfinterference and increase Tx-Rx isolation [7] , [9] , [11] . The level of cancelation is limited by noise and imperfections in the Tx chains [8] , [9] ; however, noise cancelation [12] , [13] and linearization [14] can be used to increase performance.
In this brief, we present an analysis of self-interference coupling in EBDs, and from this, we derive a novel deterministic balancing algorithm. Additionally, we present a novel active method for implementing the EBD balancing subsystem. Section II introduces the balancing algorithm, and Section III proposes the active balancing technique. Section IV presents results from a hardware prototype, and Section V concludes this brief.
II. EBD BALANCING ALGORITHM
A. Ideal EBD
The S-matrix equation for an ideal EBD is given by ⎡
where k is the coupling coefficient; 
and thus, for the ideal duplexer, the self-interference channel is a linear function of Γ B (ω). The balancing algorithm presented herein is based on multiple measurements of G, which are taken while Γ B is set to different known values, to obtain a system of simultaneous equations. For example, we may rewrite (2) in a more general form by substituting P (ω) = klΓ A (ω) and Q(ω) = −kl such that
and making two measurements of G for two values of Γ B yields
This can be solved to determine P and Q, such that
Thus, we have fully characterized the Tx-Rx gain as a function of the balancing reflection coefficient. The reflection coefficient value required to balance the duplexer is then simply the root of (3) . No knowledge of k, l, or Γ A (ω) is required to balance the duplexer in this way, and thus, this method represents a characterization process that determines the correct balancing impedance in a system with an unknown antenna impedance and unknown hybrid junction characteristics. The method therefore automatically compensates for manufacturing variations in the hybrid. Measurement of G(ω) requires no additional hardware as this can be readily performed using the transmitter and the receiver. Compared with existing techniques [4] , [10] , the number of measurements required is far fewer, thus reducing the initial balancing time. Furthermore, this algorithm does not require absolute knowledge of the balancing impedance. For example, it can be shown that substituting (3) to model inaccuracy in the control of the balancing reflection coefficient yields an expression of the same form as (3). Thus, control of the absolute value of the balancing impedance is not necessary to balance the duplexer: Knowing the difference between values is sufficient. Similarly, it can be shown that the Tx-Rx gain measurements are only required to be differential rather than absolute; therefore, amplitude and phase error introduced by the transmit and receive chains will not affect the performance of this method, provided the error is the same for each of the measurements. Since the measurement process can be performed extremely quickly (∼100 μs) [10] , time-varying circuit characteristics (e.g., the antenna impedance) will not affect the performance, as the variation is insignificant over the measurement process duration [3] , [10] . 
B. Nonideal EBD
The ideal EBD model [see Fig. 1 (a)] implicitly assumes that the hybrid junction is lossless, frequency invariant, and has zero direct coupling between opposite ports. Furthermore, although the ideal hybrid junction may not be symmetrical (i.e., k 2 is not necessarily 0.5), it has symmetry about the bottom left to top right diagonal of the S-matrix (persymmetry), which, for example, implies that the coupling between the transmit port and the antenna port is identical to the coupling between the balance port and the receive port. In a practical hybrid junction, these assumptions may not be valid. The hybrid junction component of the EBD may typically be implemented using a hybrid transformer, which will suffer from imperfections including loss, direct coupling between opposite ports, and frequency-selective coupling, and the persymmetry of the S-matrix may only be approximate [see Fig. 1(b) ]. Modifying (1) to take all of these imperfections into account gives ⎡
For mathematical brevity, henceforth, this analysis applies to a frequency-invariant system so that we may dispense with "(ω)" in the notation; however, this analysis also holds for the frequency selective case. Moreover, for mathematical brevity, the following example assumes matched impedances at the transmit and receive ports and zero values for W , X, Y , and Z. Under these assumptions, S-matrix manipulation of (8) gives the Tx-Rx transfer function as
Observing (9), we may note that this is not of the form of (3), and therefore, it appears that the nonideal duplexer modeled using (8) cannot be balanced by the proposed algorithm as described thus far. However, the following analysis will show that (9) can be approximated by a polynomial of Γ B , allowing the proposed method to be applied.
The last four terms of (9) can each be rewritten as the sum of an infinite geometric series with ratio Γ A Γ B J 2 (which results in the 1 − Γ A Γ B J 2 denominator of these terms). This is a consequence of reverberating signals within the hybrid junction, as the direct coupling path J makes it possible for signal components to be reflected back and forth between the antenna and balance port multiple times, and thus, in theory, there are an infinite number of paths between the transmitter and the receiver. For example, for (Γ A Γ B J
2 ) < 1, we may rewrite the last term of (9) as
By expanding the other terms of (9) in this manner and grouping coefficients of Γ B n , it can be shown that (9) can be expressed as a polynomial of Γ B , with coefficients L n , such that
Although, for brevity, this example has not considered all imperfections; it is left to the reader to consider that modeling all circuit imperfections (i.e., mismatch at all duplexer ports and nonzero values in all elements of the S-matrix) will result in an expression that can be written as a polynomial of Γ B . This can be explained by considering that self-interference arriving at the receiver port can be divided into components that have not been reflected at the balance port, components that have been reflected at the balance port once, components reflected at the balance port twice, and so on. The circuit imperfections mean that the self-interference channel is no longer a linear function of Γ B [as was the case in (3)]. Therefore, the method presented in Section II-A cannot be used to fully characterize the channel. However, (3) is a linear approximation of (11) , where the infinite summation has been truncated to the first two terms. A more accurate approximation of G in the nonideal case would be a quadratic function [i.e., the first three terms of (11)], and an even more accurate model would be a cubic function. The proposed algorithm can be extended to estimate these higher-order terms. For example, taking three measurements of G for three different values of Γ B allows the first three terms of (11) to be estimated, and from this, a second-order approximation of (11) can be formed. Similarly, four measurements can yield a thirdorder approximation. Solving these higher-order systems will result in more than one root; however, throughout this investigation, it was observed that only one of these will satisfy |Γ B | < 1 (i.e., a passive network). Higher-order balancing algorithms may therefore increase accuracy in nonideal EBDs. Table I gives the number of measurements and complex operations required to balance the duplexer at a single frequency point. Although the higher-order algorithms increase the number of operations, this still remains comparatively low and requires far fewer measurements than iterative methods [4] , [10] .
C. Simulated Performance
Simulation was used to investigate the performance of the first-, second-, and third-order balancing algorithms in two different nonideal EBDs: one with direct coupling between ports (nonzero I and J) and one with receiver mismatch. The simulation assumes an antenna return loss of 6 dB (a worst case for cellular handsets) and a symmetrical hybrid junction with 0.5-dB insertion loss at each port. Assuming noiseless measurement of G 1 , . . . , G 4 , the simulation determines the Tx-Rx isolation achieved at the balancing frequency point, as either the receiver port reflection coefficient (Γ R ), or the direct opposite port coupling channels (I and J) are varied, thereby allowing the performance of the three algorithms to be compared when subjected to these two specific imperfections. In the latter case, I and J are assumed to be equal. Results are presented in Fig. 2 . These demonstrate that circuit imperfections have a significant detrimental impact on the performance of the algorithm; however, including higher-order terms in the self-interference channel model is an effective way of mitigating this. The results also demonstrate that for circuit imperfections that would be typical of a real system (for example, opposite port coupling of −20 dB or receiver mismatch of −15 dB), higher-order balancing algorithms would be necessary to obtain adequate balancing accuracy. The simulation was also used to investigate the impact of measurement noise on the performance of the algorithm. In the simulated duplexer as previously described, with Γ R = 0 and I = J = −25 dB, the resulting isolation was observed as the signal-to-noise ratio (SNR) of the channel measurements, G 1 , . . . , G 4 , was varied. Results are given in Table II, showing that a high SNR is required to achieve high isolation. This is a drawback of the proposed method, as achieving high-SNR measurements may increase the cost and/or computational expense. However, a less accurate initial balance estimate would still remain useful, for example, as the starting point for a further iterative balancing process, thereby reducing convergence time.
III. ACTIVE BALANCING
In passive EBDs [see Fig. 3(a) ], a simple balancing network (such as a single-pole resistor-capacitor circuit [1] , [2] , [5] ) results in poor isolation at wider bandwidths, as the bandwidth over which the balancing impedance can mimic the antenna impedance is limited [5] . Implementing a tunable passive balancing network that can provide the correct impedance trajectory across wide bandwidths would significantly increase the size and cost of the balancing subsystem. Instead, it is proposed that an auxiliary transmitter can be used to inject a balancing signal that is equal to the signal that would have been reflected by such a balancing network [see Fig. 3(b) ]. The proposed method generates the balancing signal in digital baseband, where high-order filtering can be applied to generate a balancing signal that is accurate over wide bandwidths. The complexity required to achieve wideband isolation is thereby moved from passive components to a baseband digital signal processor, reducing cost; however, performance is limited by Tx noise and imperfections, and this could potentially increase the receiver noise floor [8] , [9] . To determine the balancing signal, we may consider the balancing signal injection as a cancelation process [11] . For example, we may model the signal arriving at the receiver, i.e., S R , as
where, as before, G(ω) is the self-interference channel, and B(ω) is the channel between the balance port and the receiver port (the balancing channel), and S T (ω) and S B (ω) are the transmit and balancing signals, respectively. G(ω) and B(ω) can be measured by transmitting known signals from each transmitter while the other transmitter is inactive and measuring the signals that result at the receiver. The balancing signal can then be calculated as [11] Fig. 3(c) depicts the proposed compound EBD, combining both passive and active balancing techniques. The passive tunable impedance component is adjusted to provide passive isolation, and a balancing signal is also injected to provide additional active self-interference cancelation. Due to the much higher level of passive isolation obtained by tuning the impedance at the balance port, the cancelation process in the compound EBD occurs at a much lower power level as compared with the active EBD, increasing the overall isolation. The compound EBD will therefore also have less of an impact on the receiver noise floor compared with the active EBD.
IV. HARDWARE PROTOTYPE A hardware prototype compound EBD was constructed (see Fig. 4) . A Focus Microwaves model 1808 electromechanical impedance tuner was used in the passive balancing subsystem, transforming the 50-Ω auxiliary transmitter output impedance to present the correct passive impedance at the balance port (as determined by the balancing algorithm). The transmitters and receiver were implemented using National Instruments PXIe-5646R vector signal transceivers, which are controlled by a PXIe-8135 controller. The balancing algorithm and balancing signal generation are both implemented in LabView and run on the controller, which is connected to the impedance tuner via ethernet. To enable frequency-selective operation in the balancing signal generation, the prototype employs a LongTerm-Evolution-like orthogonal frequency-division multiplexing physical layer, with subcarrier spacing of 15 kHz, and an 80-MHz bandwidth. The passive balancing process runs first, using the balancing algorithm and controlling the impedance tuner to maximize passive isolation at the balancing frequency (1.9 GHz). Once passive balancing is complete, the system measures G(ω) and B(ω) at each subcarrier frequency and performs frequency-domain equalization on the transmit signal to generate the balancing signal. To demonstrate the effect of nonideal hybrid characteristics, measurements were taken for two different hybrid junctions: a Krytar model 1831 hybrid coupler, with measured opposite port coupling of < −35 dB, and Sage Wireline hybrid [15] , with measured opposite port coupling of −18 dB.
To investigate the effect of circuit imperfections on the performance of the balancing algorithm, the passive EBD isolation at the balancing frequency was measured for a range of different known impedances at the antenna and receiver ports, using both the Krytar and Sage hybrids. Results are given in Table III . The measurements demonstrate that, even in the Krytar hybrid, the performance of the first-and second-order algorithms worsens as antenna mismatch and receiver mismatch become larger; however, the higher-order balancing algorithms are effective at compensating for the circuit imperfections. In most cases, the Sage hybrid results in worse performance as compared with the corresponding measurement performed on the Krytar hybrid, demonstrating the detrimental effect of opposite port coupling on the performance of the algorithm. In all measurements, the third-order balancing algorithm achieved approximately 62 dB of isolation, this being comparable to existing techniques [4] , [10] and limited by the accuracy of the impedance tuner. Measurements were taken when using passive balancing only, when using active balancing only, and when using compound balancing. Fig. 5 compares the measured Tx-Rx isolation frequency response for the three EBD balancing methods using the Sage hybrid and a Taoglas PAD710 multiband cellular antenna (Γ A = −11 dB). Without any adaptive balancing (i.e., with a 50-Ω impedance at the balance port), the EBD achieves only 18 dB of Tx-Rx isolation. The passive-only method achieves 58 dB of isolation at the balancing frequency but as little as 30 dB at the band edges, whereas the active method provides approximately the same level of isolation (44.6 dB) across the entire system bandwidth, this being limited by the error vector magnitude of the transmit chains. The compound EBD achieves significantly higher isolation of 81.5 dB. The noise floor of the prototype system was increased by approximately 15 dB when using active EBD as compared with the passive EBD; however, the compound EBD showed no additional noise compared with the passive EBD.
V. CONCLUSION
A novel EBD balancing algorithm has been proposed and implemented. The algorithm requires fewer measurements and arithmetic operations than existing techniques [4] , [10] , but is limited by measurement SNR. Simulations and measurements demonstrate that approximating the self-interference channel using higher-order polynomials can successfully compensate for EBD circuit imperfections.
Balancing the EBD using active signal injection has also been proposed and implemented. The active balancing technique does not rely on tunable passive components and can balance the duplexer over wide bandwidths. A prototype based on instrumentation grade hardware has combined the passive and active methods to achieve 81.5 dB of isolation over 80 MHz. Further work is required to assess the impact of practical hardware imperfections on the performance of the techniques presented herein.
